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Supplementary Materials
Section S1. Measured photoelectron spectra Experimental data were acquired by recording photoelectron spectra as a function of photon energy. Fig. S1 shows a 2D plot of the vibrationally-resolved photoelectron spectra as a function of photon energy and the calibrated binding energy (51), after normalization by the maximum intensity. Fig. S2 shows a 1D plot, in linear (top) and log (bottom) scales, in which the spectra for all available photon energies are overlaid.
The latter also shows the corresponding extraction windows. The figures show the high energy resolution of the present experiment and the practical absence of noise floor in between the different peaks. As can be seen in the lower panel of fig. S2 , the noise level is about 1% of the highest peak intensity for all photon energies.
We note that, for each photon energy, the maximum intensity in each spectrum was normalized to unity in order to suppress the impact of the unavoidable fluctuations in photon flux, gas density in the interaction regions and in photo-gas beams overlap. Since these fluctuations were slow, smooth and certainly cancelled out over the acquisition of individual photoelectron spectra, they did not affect the v-ratios. The most pronounced discontinuities were coming from refill of the storage ring, where maximal variations in photon flux took place. In addition, such a normalization of the photoelectron spectra eliminates the trend imparted by the underlying monotonic atomic background.
The effect of the extraction window was tested for several summation widths. The values for the extracted areas were also compared to the ones returned by systematic fitting of the whole photoelectron traces with Voigt analytical lineshapes. All the values agree within the error bars returned by the extraction procedure.
Section S2. Validity and limitations of the reconstruction model
The reconstruction model given by equation (1) in the manuscript is valid for any diatomic molecule provided that the motion of the nuclear wave packet component on the potential energy curve associated with the autoionizing state is correctly described within the WKB approximation. This is usually the case when changes in the wavelength of the propagating wave packet are small over a single local wavelength. In the case of polyatomic molecules containing N atoms, similar restrictions apply, although the complexity in this case arises from the fact that the nuclear wave packet components, the potential energy surfaces in which they move, and the autoionization width  depend on 3N-6 nuclear coordinates (3N-5 in the case of a linear polyatomic molecule), which complicates the fitting of the experimental data. Multidimensional potential energy surfaces can be obtained with high accuracy for molecules containing up to around 10-15 atoms by using state-of-the-art bound-state quantum chemistry methods. Similar complications arise when interpreting experiments that involve excited states, as in reactive scattering, molecular photo-fragmentation, charge exchange reactions, etc.
Section S3. Fit to the experimental data
As explained in the text, to reconstruct the electronic wave packet by means of equation (1), one has first to obtain the function (R) from experiment. Due to the high non-linearity of equation (1) To obtain the time evolution of the electronic wave packet, the (R) functions determined from the fit were introduced in equation (1) 
